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Abstract

A new test chamber and precision hydraulic actuation system were incorporated into an active
clearance control (ACC) test rig at NASA Glenn Research Center. Using the improved system, a fast-
acting, mechanically-actuated, ACC concept was evaluated at engine simulated temperatures and pressure
differentials up to 1140 °F and 120 psig, on the basis of secondary seal leakage and kinematic
controllability. During testing, the ACC concept tracked a simulated flight clearance transient profile at
1140 °F, 120 psig, with a maximum error of only 0.0012 in. Comparison of average dynamic leakage of
the system with average static leakage did not show significant differences between the two operating
conditions. Calculated effective clearance values for the rig were approximately 0.0002 in. at 120 psig,
well below the industry specified effective clearance threshold of 0.001 in.

Nomenclature

) Flow Factor, Ibm/s°R

psia
X Distance between the inner diameter of the face seal and inner edge of the flexure seal, in.
Oflow Effective clearance where flow is choked, in.
Attow Area where flow is choked, in.?
C Circumference of seal test section, in.
m Measured mass flow rate, Ibm/s
R Gas constant for air, 53.3 Ibf-ft/lbm-°R
T Temperature, °R
e Gravitational constant, 32.2 Ibm-ft/Ibf-s®
Ps Supply pressure, psia

Introduction

Previous investigations of a fast-acting, mechanically-actuated, active clearance control (ACC)
concept at NASA Glenn Research Center (GRC) highlighted the feasibility of monitoring and regulating
blade tip clearance in the high pressure turbine (HPT) section of modern gas turbine engines (refs. 1 to 3).
These investigations, completed using the non-rotating ACC test rig at NASA GRC, evaluated an ACC
concept on the basis of dynamic controllability, secondary seal leakage, and overall kinematic
performance. Upper load capacities of the electric stepper motors used for actuating simulated blade-tip
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clearances limited dynamic leakage testing of the ACC system to a maximum chamber pressure of
30 psig. To extend testing capabilities to the full 120 psig design pressure, a servo-hydraulic actuation
package was implemented into the ACC test system. In addition, a new test chamber was installed to
correct imperfections that occurred during the fabrication of the original test chamber. This study
examines the performance capabilities of the new servo-hydraulic actuators, as well as those of the ACC
concept as a whole with the new actuation system and redesigned test chamber in place.

A. Background

Figure 1 is a cross section of the combustor and two-stage HPT of a modern gas turbine engine which
shows the location of the HPT blade tip seal (ref. 4). Blade tip seals line the inner circumference of the
stationary engine case to form a shroud around the rotating turbine blades and limit the amount of gas that
spills over the tips. Clearance between the blade tips and the sealing shroud varies both with engine
operating condition (e.g., ground idle, take-off, cruise, decel, etc.) and service duration. These operating
condition clearance variations are produced by flight loads applied to engine structures (both static and
rotating) and by engine component wear. A fast-acting, active tip clearance control concept was designed
by Lattime, et al. (ref. 5), to stabilize and regulate varying blade tip clearances. This concept
accommodates even worst case clearance transients, such as those occurring during a “stop-cock” event
where an engine would be shut down in flight, allowed to windmill, and then be restarted to full power.
The ACC concept was incorporated into a test rig at NASA GRC (fig. 2) and evaluated at multiple
temperatures and pressure differentials on the basis of secondary seal leakage, dynamic controllability,
and overall kinematic performance (refs. 1 to 3). Preliminary evaluations of the ACC concept, however,
could not be extended to the full operating conditions of 1200 °F and 120 psig chamber pressure as
designed. Upper load limits of the stepper motors (~500 Ibf maximum capacity) used to adjust simulated
clearances in the test rig prevented dynamic testing at pressures above approximately 30 psig because the
motors were unable to support corresponding pressure generated loads. Operating temperatures were
generally limited to 1000 °F after imperfections in the positioning welds of the test chamber actuator rod
tubes (fig. 3) were discovered during hydrostatic testing. These welds were determined to be non-critical
to test chamber structural integrity, but to add extra safety margin, temperature exposure above 1000 °F
was limited until corrective measures could be taken.

Flanges are heated and Fan or compressor air
cooled by impingement

HPT blade tip seal ) ?
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Figure 1.—HPT blade tip seal location in a modern gas turbine engine (ref. 4).
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Figure 2.—Photograph of the boss positioning weld crack.
active clearance control system.

B. Benefits of Active Clearance Control (ACC)

Integrating a fast-acting, mechanically-actuated, ACC concept into the HPT would consistently
reduce blade clearance, decrease the amount of air spilling over the blade tips, and therefore increase
turbine efficiency. Reduced blade tip clearances would allow the engine to satisfy thrust and performance
needs at lower operating temperatures, with less fuel burn, and decreased rotor inlet temperatures. Lower
operating temperatures would increase the service life of internal hot section components and extend
engine operating time between overhauls. A tip clearance reduction of 0.010 in. would decrease exhaust
gas temperature (EGT) by approximately 10 °C (ref. 6). Deterioration of the EGT margin is the primary
parameter used to determine when an engine is removed from service. The same 0.010 in. tip clearance
reduction would decrease specific fuel consumption by 0.8 to 1 percent, and lower NO,, CO, and CO,
emissions (ref. 6). Other benefits would include enhanced payload and mission range capabilities.
Additional benefits of advanced active clearance control systems are discussed in the works by Lattime, et
al., (ref. 6) General Electric (ref. 7), and Wiseman and Guo (ref. 8).

C. Objectives

This investigation builds on previous work that characterized the behavior of the ACC concept at both
room and elevated temperatures (refs. 1 to 3). Test rig limitations identified during those studies have
been addressed through the integration of a new servo-hydraulic actuation package and a new test
chamber pressure vessel with existing ACC test hardware. Utilizing these improvements, the goals of this
investigation were to:

e Characterize the accuracy and repeatability of the new servo-hydraulic actuators (individually)
before incorporating them into the ACC test system.

e Characterize ACC system secondary seal leakage (both static and dynamic) up to the full design
pressure and temperature of 120 psig and 1200 °F, respectively, while using the new servo-
hydraulic actuation system to simulate engine clearance control.

o Evaluate the ability of the ACC system to track simulated take-off clearance transient profiles (at
pressures and temperatures up to 120 psig and 1200 °F) using the new servo-hydraulic actuators.

Il. Test Facility and Procedures

A. Test Hardware
1. Test Rig Overview

The ACC test rig (fig. 4) was designed to simulate the temperature and pressure conditions of the
environment surrounding the backside of the turbine shroud segments. This rig is used to evaluate
clearance control systems in a “static" environment without blade rotation. Rig specifications were
selected based on current engine requirements. Table 1 compares the main characteristics of the ACC test
rig to a typical modern high bypass ratio engine.
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Figure 4.—ACC test rig with housing lid and chamber cover

plate removed for clarity (ref. 5).
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TABLE 1.—COMPARISON OF ACC RIG DESIGN TO THE OPERATING CHARACTERISTICS OF A
TYPICAL MODERN HIGH BYPASS RATIO ENGINE

Parameter ACC rig Reference
design engine
Shroud backside pressure (psia) 135 500
Pressure differential (psid) 120 150
Shroud Backside temperature
Current (°F) 1200 950 to 1250
Future (°F) 1250 to 1300 1250 to 1300
Diameter (in.) 20 30
Shroud face width (in.) 2 2
Number of shrouds/seal carriers 9 16
Pressure induced load on actuator (at pressure differential) (Ibf) 1650 1750
Nominal clearance change (e.g., stroke) (in) 0.190 0.050
Clearance change rate (in./sec) 0.01 0.01
Clearance measurement technique
Current Capacitance Not used
Future (under development) Microwave Capacitance/
microwave
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The Inconel 718 (Special Metals Corp., Huntington, WV) seal carrier assembly shown in figures 4
and 5 is a concept that would be used in a turbine to support the tip seals that surround the rotor. The
assembly consists of nine individual seal carrier arc segments that are connected through a series of
Inconel 718 “links” (fig. 5) to form a circular shroud. One connection between the link and carrier is a
pinned joint, and the other is a slotted joint. Each link (9 total) is rigidly connected to an Inconel 718
actuator rod which is attached to a servo-hydraulic actuator that provides the radial motion needed to
control simulated blade tip clearance. This kinematic arrangement allows for dilation of the seal carrier
shroud when the actuator rods are moved radially outward and contraction when they are moved inward.
Dilation of the seal carrier shroud increases simulated tip clearance, and contraction decreases clearance.
Actuator control is implemented through National Instruments motion controllers and a series of
algorithms coded in LabVIEW (National Instruments Corp., Austin, TX). Details of ACC test rig control
system are presented by Steinetz, et al (ref. 1).
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Figure 5.—ACC cut-away showing detail for one of nine actuator rods, an
attachment link, actuator mount, seal carriers, proximity probe
clearance sensor, inlet air supply pipe, air flow directions, and radiant
heater (ref. 5).

Heater
Sections

Figure 6.—Photograph of the radiant heater at
temperature with the test chamber removed
highlights the heater’s six sections, each of which
can be independently controlled.

The seal carrier shroud is encased in a test chamber that is used to create the temperature (T3) and
pressure (P3) conditions typical of the environment behind the blade tip seals in an actual HPT. The test
chamber consists of an upper and lower cover plate, and inner and outer walls (fig. 5). Hot, high-pressure
air is supplied to the backside of the seal carrier shroud through three penetrations of the outer chamber
wall. The hot air (heated by two 35 kW inline air heaters stacked in series) heats the inside of the test
chamber and is the medium for evaluating seal leakage. The outside of the test chamber is heated by the
upper and lower halves of a split annular radiant heater (figs. 5 and 6). Combined, these two systems
provide the heat needed to simulate the T3 environment. Additional detail of the ACC heater systems is
provided by Lattime, et al (ref. 5).
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—
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Face seal
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Figure 7.—Chamber cutaway highlighting the ACC system secondary
seals and their respective materials.

2. Secondary Seals

To maintain a significant positive backpressure and create the desired P3 pressure differential across
the seal carrier shroud, multiple secondary seals are required. These seals are highlighted in figure 7. The
top and bottom of the seal carrier shroud are sealed with face seals (Stellite 6b (Deloro Stellite Co.,
Goshen IN)) secured in grooves in the upper and lower chamber cover plates and preloaded by E-seals
(Waspaloy (Haynes International, Inc., Kokomo, IN)). The flow path between the individual seal carriers
is blocked by thin, pressure activated flexure (spline) seals (Inconel X-750 (Special Metals Corp.,
Huntington, WV)). The flexure seals are inserted into precision slots machined into the ends of the seal
carriers. When the test chamber is pressurized, the faces of the flexure seals seat on the low pressure side
of the mounting slot (radially inward side) and seal along their top and bottom edges with the face seals.
Since the flexure edges must mate with the face seals to sustain a backpressure, the stroke length of the
rig's actuation system is governed by the width of the face seals. The center of this stroke (flexure seals in
the center of the face seals) is referenced as the nominal “home” position of the seal carrier shroud.
Waspaloy C-seals are used to prevent leakage between the test chamber cover plates and the chamber
wall flanges. Piston ring seals (Stellite 25 (Deloro Stellite Co., Goshen IN) and Inconel 625 (Special
Metals Corp., Huntington, WV)) are used to minimize flow past the actuator rod and air supply locations.
Additional information on the design of the test chamber and seal components is given by Lattime, et al.,
(ref. 5) and representative component leakage levels for each seal at room temperature are presented by
Steinetz, et al. (ref. 1).

3. Instrumentation

Simulated clearance values are continuously monitored during testing with four capacitance-based
proximity probes. Three probes are positioned at 90° intervals and the fourth probe is offset from the
nearest adjacent probe by 30°. Probe details are listed in table 2. Leakage values are collected using one
of two mass flow meters. Specifications for the flow meters, pressure transducers, and thermocouples
used to monitor the ACC test environment are provided in table 3.

NASA/TM—2007-215039 6



TABLE 2—CAPACITANCE CLEARANCE PROBE SPECIFICATIONS

Calibrated operating maximum temperature 1500 °F
Measurement range (in.) 0t00.125
Accuracy (in.) 0.0002
Resolution (in.) 0.00005
Excitation voltage (V) 15
Probe diameter (in.) 0.375
Weight (Ibs) 0.04
Manufacturer Capacitec
Model no. HPC 150

TABLE 3.—INSTRUMENTATION SPECIFICATIONS

Thermocouples Type K
Manufacturer Omega
Accuracy (°F) +4

Range (°F) —328 to 2282

Pressure Transducers
Manufacturer Druck
Model PMP4010
Accuracy (psi) 0.12
Range (psig) 0 to 300

Flow Meters
Manufacturer Teledyne Hastings
Models HFM 301; HFM 306
Accuracy (Ibm/s) 0.0003; 0.0042
Range (Ibm/s) 0.0355; 0.1857

Actuated Seal
Carriers

Servo-hydraulic
Actuator

Hydraulic
Supply/Return
Lines

Figure 8.—Photograph of the new servo-hydraulic actuators installed

on the test rig.

TABLE 4—SERVO-HYDRAULIC ACTUATOR SPECIFICATIONS

Hydraulic cylinder

Manufacturer Eaton

Model TJ-TZXX Series

Bore and rod 2-in. bore, 1-in. dia. double rod

Pressure range (psi) 200-3000

Stroke (in.) 0.2
Servo valve

Manufacturer Vickers

Model SM4-10(1)3.8-80/40-10
LVDT

Manufacturer Schaevitz

Model HCA-250

Range (in.) +0.250

Linearity (% Full Range) +0.20

4. Hydraulic Actuators

For this investigation, seal carriers were actuated using a servo-hydraulic actuation system that
consists of nine individual servo-hydraulic actuators (fig.8) energized by a central hydraulic power unit
(HPU). System specifications are presented in table 4. These actuators are conventional off-the-shelf
items that were selected for their ability to satisfy design requirements and fit within the project budget;
smaller, lighter weight actuators would be used in actual engine applications.
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Figure 9.—Photograph showing
frost on the new test chamber
outer wall just after the shrink
fit installation of an actuator
support tube.

Figure 10.—Photograph of the setup used to
bench test the servo-hydraulic actuators prior
to acceptance and system installation.

5. Improved Test Chamber

Building on lessons learned from the first generation ACC test chamber, new inner and outer chamber
walls were designed and fabricated to enable system operation at full design capacity of 120 psig at
1200 °F. To avoid the possibility of a reaccurrence of the weld issues experienced during the fabrication
of the first generation chamber, new inner and outer walls were machined from a solid plate of Inconel
718. Actuator support tubes and chamber exhaust ports were installed directly into the walls using a
shrink-fit technique (fig. 9). This technique used a liquid nitrogen bath to cool the support tubes and
exhaust ports, shrinking them enough that an average interference fit of 0.001 in. between the walls and
the inserted parts was achievable through hand assembly. The new chamber design eliminated the need
for welds, is much more robust, and can more easily accommodate future actuation and sealing concepts
for evaluation in the ACC test rig.

B. Procedures: Actuator Testing

1. Benchtop Evaluation

Each of the nine individual servo-hydraulic actuators was evaluated using a bench-top test fixture to
verify its compliance with required accuracy and hysteresis prior to being installed on the ACC test rig.
The experimental setup used to evaluate actuator accuracy and hysteresis is presented in figure 10. As
shown in the figure, each actuator was secured to a precision test platform and a digital displacement gage
(x0.00012 in. accuracy) was positioned so as to align its plunger coaxially with the actuator rod. The
actuator rod was then fully retracted and the displacement gage was zeroed. From that position, the
actuator was commanded to move incrementally (0.010 in. steps) across a stroke range of 0.180 in. With
each increment, a displacement was recorded from the digital gage (actual position) for comparison with
the commanded position. Once the end of the stroke length was reached, actuation direction was reversed
and the rod was retracted across the same series of commanded positions. Using the collected data,
accuracy was determined by subtracting target positions from the actual position readings, and hysteresis
error was determined by subtracting the two actual positions (outward stroke minus inward stroke)
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corresponding to each commanded position. Design requirements established an error tolerance band of
+0.0003 in. for both actuator accuracy and hysteresis.

2. On-Rig Evaluation

To help quantify accuracy and controllability improvements achieved through the addition of the new
ACC servo-hydraulic actuation system, an on-rig test was conducted to evaluate pressure induced seal
carrier deflection. This evaluation incorporated a combination of dead band in the actuators, elastic
deformation of the actuator rods and connecting hardware, deflection of actuator seals, as well as any
other sources of compliance that may exist within the assembly. Individual contributions to total pressure
induced seal carrier deflection were not of immediate concern.

To perform the test, the seal carriers were placed in range of the capacitance probes while the test
chamber was not pressurized, and clearance readings from the four probes were recorded. Without
moving the actuators, the chamber pressure was increased in 20 psi increments to full pressure capacity
(120 psig), and then returned to 0 psig, retracing the same intervals. At each step, corresponding chamber
pressure and clearance values were recorded. Pressure induced deflections were calculated for all four
probe locations by subtracting the clearance at each elevated pressure level from the initial clearance at
ambient pressure. In addition to deflection, hysteresis during this procedure was evaluated as the
difference between the two clearance values collected at each chamber pressure (one during pressure
increase, one during pressure decrease).

C. Procedures: Elevated Temperature Evaluation

1. General Background

Previous testing of the ACC rig evaluated its performance up to 1000 °F, examining controllability,
static leakage rates at chamber pressures up to 120 psig, and dynamic leakages to chamber pressures of
approximately 30 psig (ref. 3). Using those test procedures as a foundation, test plans were developed to
characterize rig performance up to full system temperature and pressure utilizing the newly installed
servo-hydraulic actuation system.

Before the system was heated, the seal carriers were centered about the rig’s central axis in range of
the capacitance probes. The actuators were then set to closed-loop control, enabled, and commanded to
maintain a constant arbitrary simulated clearance value. With this procedure, the system used feedback
from the capacitance probes during heatup to compensate for thermal expansion and prevent undesired
interference between its internal components.

The radiant and air heaters were ramped at approximately equal rates (hominally 50 °F/min.) to avoid
the formation of significant thermal gradients across the test section and to promote uniform expansion of
the rig’s internal components. Due to the large thermal mass of those components, actual metal heating
rates were somewhat slower than the nominal value. Before testing was initiated, the rig was subjected to
a heat soak interval to allow internal temperatures to equalize at the desired test temperature.

Target test conditions for the evaluations contained herein included temperatures of 600 °F, 950 °F,
and 1200 °F, and pressure differentials ranging from 60 to 120 psig. A positional parameter, X, was
defined to describe the position of the seal carriers and flexure seals relative to the face seals. X, shown
graphically in figure 11, is the distance from the inner diameter of the face seal to the inner edge of the
flexure seal when it is installed in its slot in the seal carrier (ref. 3). X accurately describes seal carrier
position by accounting for motion resulting from mechanical actuation, pressure induced displacements,
and thermal expansion of sealing components and surrounding support structures. Using this information,
meaningful leakage comparisons can be made across varied test conditions (temperature, chamber
pressure, etc.). At the nominally defined “home” position of the sealing shroud, the flexure seals are at the
centerline of the face seal surface (X = 0.250 in.). Radially outward seal carrier motion increases the
value of X, and inward motion decreases it.

NASA/TM—2007-215039 9
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2. Static Leakage Evaluation

To begin the evaluation, the test rig was heated to the prescribed test temperature, the chamber
pressure was adjusted to the desired level, and the seal carrier assembly was actuated radially inward until
the minimum measured clearance (relative to the capacitance probes) reached approximately 0.005 in.
From that position, the seal carriers were moved radially outward, stopping incrementally (~0.010 in.
steps) to collect static leakage values, until the outward stroke limit was reached. Due to rig component
thermal expansion, stroke range limits varied with test temperature (higher temperature tests had less
available stroke than those at lower temperatures). When the outward stroke limit was reached, actuation
was reversed, and the seal carriers retraced the same stopping positions covered during the outward
stroke. After a stroke cycle was completed, the chamber pressure was adjusted, and the process was
repeated until all pressures of interest were evaluated. This procedure facilitated an evaluation of the
effects of temperature, pressure differential, radial seal position (X), and direction of seal carrier motion
(radially inward vs. outward) on static ACC system leakage.

3. Dynamic Leakage Evaluation

Dynamic leakage data was collected using the same test procedures and conditions utilized for static
leakage testing; however, the seal carriers were not intermittently stopped, they were actuated
continuously across the available stroke range. At each temperature and pressure combination, leakage
data was continuously logged at a rate of 0.4 Hz while the seal carriers were in motion. Seal carrier
actuation rates of 0.001 in./sec and 0.005 in./sec were evaluated.

4. Tracking of a Simulated Flight Clearance Transient Profile

The ability of the ACC system to track actual engine clearance transients while at elevated
temperatures and pressures was evaluated by examining the system’s ability to track a mission simulated
clearance vs. time profile streamed to the hydraulic actuator control system. The profile used in this study
is representative of the clearance transient present during takeoff in large commercial turbine engines.
The profile is 200 seconds long and includes a 0.045 in. clearance change over a period of 10 seconds.
Simulated clearances are regulated using a two-level closed-loop control scheme incorporated into the
hydraulic actuator control system. The outer level control loop continuously monitors the readings of the
system’s four capacitance probes, and compares the minimum measured clearance to the set point
specified by the simulated profile. Data from that comparison is then relayed to the inner control loop,
which contains the actuator LVDT’s, and the positions of the nine actuators are modified to satisfy
clearance changes requested by the outer loop. Using the minimum clearance reading for controlling the
system is a conservative approach that was implemented to prevent the occurrence of blade rubs in an
actual engine. System performance during this evaluation was quantified in the form of positional error
which was calculated as the difference between the commanded clearance value and the minimum
clearance measured by the capacitance probes.

NASA/TM—2007-215039 10



I11. Results and Discussion

A. Actuator Testing

1. Benchtop Evaluation

Bench testing of the individual hydraulic actuators showed that they easily satisfied the design
requirements that established a positional accuracy and hysteresis error tolerance of £0.0003 in. for use
with the ACC test rig. Representative data from these tests is presented in figures 12 and 13. The largest
noted positional error had a magnitude of 0.0002 in. and the largest hysteresis error had a magnitude of
0.0001 in.

2. On-Rig Evaluation

The maximum pressure induced deflection (average of four probes) observed in this test was
0.0068 in. at a chamber pressure of 120 psig, and the maximum hysteresis was 0.0013 in. Previous tests
using first generation stepper motor actuators showed a pressure induced seal carrier deflection as large as
0.022 in. (115 psig chamber pressure), and a maximum hysteresis of 0.0042 in. A comparison of the two
data sets is presented in figure 14. The integration of the servo-hydraulics package reduced observed
pressure induced deflection and hysteresis by approximately 69 percent. This improvement is attributed to
the increased overall “stiffness” and load bearing capabilities of the servo-hydraulic system. By
decreasing pressure induced deflection, the overall accuracy and controllability of the ACC system is
significantly enhanced. It is important to note that the effects of pressure induced deflection are only a
concern if the ACC system is run in “open loop” control. By switching to “closed loop™ control, the
actuation system uses feedback from the capacitance probes to stabilize simulated clearances, and the
error associated with pressure induced seal carrier compliance is eliminated.

Upper Tolerance —y

0.0003 4 Upper Tolerance — 0.0003 eotereenconncanrsonestecenceacenscsncanncanaes
B Outward Motion
0.0002 - Alnward Motion = 0.0002
0.0001{ AA n 0.0001 1
£ <
5 0.0000 f-i-S-8-m-n-0 T — ] 5 0 OO OO OO ===
0 0.05 0.1 0.15 0.2 5 0.05 0.1 0.15 0.2
-0.0001 & ARA .| 0.00019 oo *
-0.0002 sEpAa@ERAAR -0.0002
Lower Tolerance L Tol
100003 deveeecenncocesonces B N 10,0003 dor oSl IO ANCE TN e
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Figure 12.—Plot showing actuator positional error Figure 13.—Plot showing actuator hysteresis error
as a function of commanded position. as a function of commanded position.
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B. Elevated Temperature Evaluation

High temperature tests were conducted at temperatures that deviated slightly from the planned target
values. Average test temperatures included 630, 945, and 1140 °F. The target design temperature of
1200 °F was not reached because system secondary seals performed so well at full chamber pressure and
maximum heater capacity that leakage was low enough that the air flow through the system was
insufficient to carry the heat from the heating elements to the chamber inlets without heat loss to the
surrounding environment. Researchers are investigating whether more effective insulating techniques
could be used to further minimize the temperature drop between the air heater outlet and the rig inlets.

The targeted test pressure range also required modification from its original span. At test temperatures
above 630 °F, only pressures of 100 and 120 psig could be achieved. At 100 psig, corresponding leakage
rates were so low that any further pressure decrease risked a condition of insufficient air flow across the
heater elements which could result in heater failure.

1. Static Leakage Evaluation

As observed in previous studies (refs. 2 and 3), seal leakage values collected during an inward
actuator stroke were consistently lower than those collected during an outward stroke. Decreased leakage
while the seal carriers were moving inward was attributed to a pressure induced roll of the face seals that
resulted in higher contact loads at the seals’ outer edges that “pinch” the seal carriers (ref. 2). During
inward motion of the seal carriers, it is believed that frictional force between the face seal outer edges and
the seal carrier surfaces intensifies the pinching action, thus decreasing effective flow area and reducing
overall system leakage. Outward motion of the seal carriers is believed to reduce the pinching action of
the face seals, resulting in a larger flow area and increased mass flow rates. Leakage vs. position data is
presented for all three test temperatures at 120 psig in figures 15 to 17. At 630 °F, leakage values
collected during an inward stroke were an average 19 percent lower than those collected during an
outward stroke. The maximum leakage rate at 630 °F was 0.0304 Ibm/s, and the minimum was
0.0209 Ibm/s. In the 945 and 1140 °F tests, leakages collected during inward strokes were 19 and
20 percent lower, respectively, than corresponding leakages from outward strokes. The highest leakage
observed at 945 °F was 0.0264 Ibm/s and the lowest was 0.0186 Ibm/s. At 1140 °F, leakage ranged from
0.0218 to 0.0303 Ibm/s. Observed leakages at lower pressure differentials had lower mass flow rates as
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Figure 17.—Static leakage as a function of seal carrier
position, X, and direction of motion at 120 psig,
1140 °F.

would be expected, but still followed similar trends as noted above. Leakage vs. pressure data at
approximately the home position (X = 0.257 in.) is presented in figure 18.

To gain further insight into factors affecting rig leakage, a flow factor, ¢, was calculated for leakage
values at each of the test temperatures where the pressure differential was 120 psig, and the seal carriers
were at approximately the “home” position (X = 0.250 in.). The flow factor, ¢, accounts for variation in
mass flow rate due to normal gas density effects, and is defined as:

T M

Ps

¢
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As shown in figure 19, flow factor changes with both temperature and direction of seal carrier motion
when it was stopped at the home position. Flow factor values are an average 18 percent lower for leakage
rates collected during an inward stroke of the actuators. As temperature was increased from 630 °F to
945 °F, the flow factors decreased for both the inward and outward strokes, 5.5 and 15.5 percent
respectively; however, an additional temperature increase from 945 to 1140 °F increased the flow factors,
25 percent during the inward stroke, and 32 percent during the outward stroke. These observations,
coupled with trends observed in raw leakage data, suggest that physical clearances inside the rig are
changing as operating conditions are varied, and leakage changes cannot be explained by gas density
effects alone.

2. Dynamic Leakage Evaluation

Evaluation of dynamic leakage revealed trends similar to those observed in the static leakage tests.
Recorded leakage values were consistently lower while the actuators were moving radially inward. A
representative data set from those evaluations is presented in figure 20. Leakage as a function of seal
carrier position is plotted for the 1140 °F test at pressure differentials of both 100 and 120 psig, and a seal
carrier actuation rate of 0.001 in./s. During the outward stroke, observed leakages are higher than those
during the inward stroke. Inward stroke leakage (0.0231 lbm/s avg.) was 17 percent lower than the
outward stroke (0.0277 lbm/s avg.) at 120 psig, and 21 percent lower at 100 psig (0.0176 Ibm/s outward
avg., 0.0139 Ibm/s inward avg.).

Comparison of leakage values collected during actuation at 0.001 in./s to leakage data collected
during 0.005 in./s actuation showed that the rate increase did not consistently affect the magnitude of
observed leakage values (Fig. 21); however, data resolution was decreased during 0.005 in./s actuation
due to sampling rate and settling time limitations of the flow meters used for these studies.

In figure 21, dynamic leakage at 120 psig for both actuation rates and all three test temperatures is
compared to static leakage collected during similar test conditions. Given the +0.0003 Ibm/s accuracy of
the mass flow meter used for the 1140 °F and 945 °F evaluations, and the +£0.0042 Ibm/s accuracy of the
flow meter used in the 630 °F tests, many of the observed differences between static and dynamic leakage
fall within the flow meter error tolerance bands and are considered negligible. As the reader can clearly
see in figure 21, there are no trends in the data that would suggest a consistent change in system leakage
as the seal carriers are transitioned between static and dynamic states.
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Figure 19.—Flow factor comparison for static leakages Figure 20.—Dynamic leakage as a function

at the “home” position and 120 psig. of seal carrier position, X, at 1140 °F and

both 100 and 120 psig.
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3. Simulated Flight Profile Tracking

The installation of the new servo-hydraulic actuation package onto the ACC test rig enabled the
system to easily track a simulated engine clearance profile at the full design pressure differential of
120 psig while at 1140 °F. Figure 22 shows the commanded (set point) clearance, the control clearance
measured by the capacitance probe, and the error between the two signals as a function of time. The
maximum error observed between the commanded setpoint clearance and the measured control clearance
was an actuator lag of 0.0012 in. The maximum overshoot observed was 0.0007 in. Error was calculated
by subtracting the commanded setpoint clearance from the measured control clearance. Using this
designation, a negative error on the chart indicates that the clearance set by the ACC system is smaller
than the commanded clearance, and a positive error shows that the ACC system has set a clearance larger
than the specified value.

This evaluation shows that the ACC concept is capable of tracking an engine clearance transient
profile under engine-like temperature and pressure conditions, while maintaining an acceptable level of
error. A large portion of the observed error is attributed to a communication lag time between the NI
motion controllers and the PC on which the control system software resides. If a dedicated controller was
implemented in place of the PC based system used in this laboratory study, the communication lag
between the PC and the NI motion controllers would be eliminated. This would likely reduce observed
clearance error to less than 0.001 in.

C. Comparison of Effective Clearance to an Industry Reference Level

The benefits of active clearance control are of little importance if the secondary seal leakage
associated with the implementation of the ACC system is too large. As such, a practical benchmark,
effective clearance (8q0w), Was defined to quantify the performance of the ACC test rig and its secondary
seals across different builds and varying test conditions, and facilitate a comparison with actual engine
requirements. By assuming isentropic flow with compressibility at the choked flow condition, a method
for back-calculating effective clearance for the ACC test rig at multiple test conditions was derived
(refs. 1 and 9). The equation for determining effective clearance is:

Afiow _ M+ RT
C 0.6847,/9.PC

)

3 flow =
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Figure 22.—Simulated flight clearance transient Figure 23.—Comparison of effective clearance at the
profile and observed tracking error at 120 psig, home position to the engine industry reference
1140 °F. threshhold.

To obtain the desired benchmark for comparison, an effective clearance was calculated for a target
leakage upper limit specified by industry engine designers. Based on the predicted benefits of tighter HPT
blade tip clearances and the proposed location of the ACC system in the engine, designers deemed
secondary leakage on the order of ~0.1 percent core flow (W25) an acceptable limit per each seal
location. ldealizing the ACC system as an elastic structure that could easily move inward and outward,
two seals are needed to integrate the ACC concept into an engine, one on both the forward and aft sides of
the seal carriers, placed between the seal carriers and the static structures to which they would be
attached. Based on these assumptions, and the industry supplied flow reference level, the maximum
allowable effective clearance for the ACC system is 0.0010 in. (ref. 3).

Calculated effective clearance values for representative leakage at the home position (during both an
inward and outward stroke) for the three elevated temperatures are presented in figure 23. As shown, all
of the calculated effective clearances for these tests were well below the industry reference threshold of
0.0010 in. At a clearance of approximately 0.0002 in., these values are 80 percent lower than the industry
goal, about one third lower than the smallest effective clearance observed in previous studies (0.0003 in.),
(ref. 3) and show nearly negligible variation with stroke and temperature. These results show that the
improvements made to the ACC test rig for this evaluation were indeed effective, and that from a parasitic
leakage standpoint, the ACC concept developed at NASA GRC is a very viable technology.

IVV. Summary and Conclusions

A new servo-hydraulic actuation system and a redesigned test chamber were integrated into the
Active Clearance Control Test Rig at NASA Glenn Research Center to address test limitations imposed
by first generation hardware, and extend test capabilities to full design capacity. Tests were conducted to
characterize the performance of the new actuators on both an individual and system basis. Static and
dynamic leakage of the rig’s secondary seal system were evaluated at engine simulated pressures and
temperatures up to 120 psig, and 1140°F, respectively, to quantify the improvements gained through the
addition of the second generation hardware. During these tests, the following observations were noted:

1. The servo-hydraulic actuators were determined to have a maximum positional error of only
0.0002 in. with a maximum hysteresis error of 0.0001 in. This satisfied the design requirement for
an error of less than +0.0003 in. The new actuators reduced pressure induced deflection of the
seal carriers and related hysteresis by approximately 69 percent.
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2. Static leakage evaluation at 630, 945, and 1140 °F, showed that secondary seal leakage was
consistently lower during an inward stroke of the actuators than during an outward stroke.
Examination of flow factor values calculated for static leakages, coupled with trends observed in
raw leakage data, showed that leakage variations were not solely the effect of normal gas density
effects. This suggested that internal clearances were physically changing as test conditions were
varied.

3. For the test conditions evaluated herein, there were no trends observed to suggest that dynamic
leakage was significantly different than static leakage at similar temperatures and pressures.

4. The new servo-hydraulic actuation package enabled the ACC system to accurately track a
simulated flight clearance transient profile at 1140 °F, 120 psig, with a maximum error of
0.0012 in.

5. Effective clearance values of approximately 0.0002 in. were calculated for leakages at the home
position for all three test temperatures. These values are 80 percent lower than the engine industry
specified threshold of 0.0010 in., and 33 percent lower than the smallest effective clearance
observed in previous evaluations (0.0003 in.) (ref. 3).

6. From the standpoints of control accuracy and secondary seal leakage, the ACC concept evaluated
herein is a viable technology that holds significant potential for improving the efficiency of
modern gas turbine engines. The ACC test rig is a valuable asset that can be used to evaluate
further refinements of the current concept (reduced weight actuators, improved secondary seal
technology, etc.), and to examine other clearance control concepts.
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